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Although some results have been obtained by Mylius, 
Foerster, Glaser, Burgess and others, a glance at the recent text- 
books on electrochemistry will show how far we still are from 
any consistent theory of electroplating. The reason for this is 
to be found in our neglect of the chemistry involved. The 
electric current is merely one agent for bringing about certain 
chemical reactions ; but this is often overlooked and @any of us 
consider a decomposition by means of electricity as much more 
mysterious than a decomposition by heat, for instance. I hope 
to show that a study of chemical reactions and chemical 
analogies will at least give us the outlines of a theory of electro- 
plating. 

When we speak of a good metallic deposit we may mean 
good from the point of view of the analyst, the refiner, or the 
plater. The analyst must have a deposit of pure metal in a 
weighable form but that is all. The refiner must have a 
coherent deposit of pure metal, except in the case of silver. 
Keither the analyst nor the refiner cares about the smoothness 
of the deposit in the sense that the plater uses the word though 
the refiner is happier the smoother the deposit is. The plater 
must have an adherent smooth deposit which will burnish to an 
apparently amorphous surface. In the preliminary discussion 
we will rule out the plater and will call a deposit good when it 
is pure, coherent and free from trees. Afterwards we can con- 
sider the further problem of the production of a very fine-grained 
deposit. Since there are very few data for anything except 
aqueous solutions, we will consider these only, though the 
general principles are equally applicable to all solvents. 

When working with moderate current densities a bad de- 
posit is practically always due to the precipitation of a com- 
pound of the metal with the metal. When one of the single 

A preliminary abstract of this paper was presented a t  the International 
Flectrical Congress of St. I,ouis, 1904, 
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salts in the bath is sparingly soluble, as with the cyanides, this 
salt may precipitate. In  most cases, however, the trouble is due 
to the presence in the deposit of oxygen either as oxide, 
hydroxide or basic salt. Whatever will dissolve the compound 
readily under the conditions of the experiment will prevent its 
deposition, by definition, and should therefore improve the 
quality of the deposit. This has been recognized for zinc by 
Mylius and Fromm' and by Foerster and Gunther'. It has been 
put in a more general form by Glaser'. I have made a list of 
the more important additions recommended in the refining, 
analysis or plating of zinc, nickel, lead, tin, copper and silver. 
These are given in Table I. 

TABLE I. 

0 

ZINC T I N  

Sulphuric acid Sulphuric acid 
Potash Potash 
Ammonium chloride Sodium pyrophosphate 
Ammonium sulphate Potassium carbonate 
Aluminum sulphate Acid potassium tartrate 
Potassium cyanide Potassium cyanide 
Acid potassium oxalate 

NICKEL 

Sulphuric acid 
Ammonia 
Ammonium salts 
Potassium cyanide 
Sodium bicarbonate 
Sodium bisulphite 

Acetic acid 
Potash 
Fluosilicic acid 
Sodium nitrate 

LEAD 

COPPER 

Sulphuric acid 
Ammonia 
Alkaline tartrate 
Ammonium oxalate 
Potassium cyanide * 

Sodium bisulphite 

Nitric acid 
Ammonia 
Potassium cyanide 
Potassiumiiodide 

SILVER 

All the substances under zinc dissolve zinc hydroxide. The first 
four under nickel dissolve nickel hydroxide ; the sodium bi- 
carbonate probably serves to keep the acidity constant, while 

1 Zeit. anorg. Chem., 9, I 4 4  (1895). 
Zeit. Elektrochemie, 5, 16 (1898); 6, 301 (1899). 
Ibid., 7, 365, 381 (1900). 
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the sodium bisulphite occurs only in solutions containing free 
ammonia. The addition of boric acid, as recommended by 
Weston, helps to regulate the acidity when cast anodes are used. 
All the substances under lead dissolve lead hydroxide'. Stan- 
nous and stannic acids are soluble in sulphuric acid, in potash, 
and in a so-called sodium pyrophosphate solution ; potassium 
carbonate is added only to neutralize an excess of free acid in 
stannous chloride solutions, while the cyanide and tartrate seem 
to be of very little value in the absence of free alkali, unless 
perhaps at the anode. Under copper everything dissolves the 
hydroxide except sodium bisulphite and this is added to cyanide 
solutions to prevent loss of cyanogen when the copper changes 
from the cupric to the cuprous form. JordisL states that it makes 
the copper anode dissolve more readily. All four substances 
under silver dissolve freshly-precipitated oxide ; in addition 
ammonia dissolves silver chloride while silver cyanide and silver 
iodide are solnble in potassium cyanide and potassium iodide 
respectively. 

I t  is thus clear that there is a simple rational basis for many 
of the solutions in actual use. I t  must be kept in mind, how- 
ever, that the rate of solution is more important than the actual 
solubility. Thus it is not easy to get a good deposit from an 
alkaline zincate solution at zoo whereas it is a comparatively 
simple thing to do this at 40" because the caustic soda reacts 
with zinc oxide or hydroxide mach more rapidly at this tem- 
perature'. I t  does not follow from this that a higher tempera- 
ture would necessarily be even better. At 90' the action of 
caustic soda on metallic zinc becomes an important factor. With 
copper sulphate solutions rise of temperature means increased 
formation of cuprous sulphate and this must be taken into ac- 

Betts disputes the accuracy of Glaser's work on lead, but has not pub- 

Die Elektrolyse wassriger Metallsalzlosungen, 44, 
Foerster and Gunther, Zeit. Elektrochemie, 6, 302 i18gg), obtained a 

good zinc deposit for a short while only. Such a state of things can occur 
only when the conditions have changed during the run, although they seem 
qot to have recognized this, 

lished a description of his experiments. 



count. In each of these cases a study of the chemical reactions 
shows the cause of the difficulty. 

While there is much evidence in favor of Glaser’s first 
generalization, that a metallic deposit is improved by adding to 
the solution substances which will dissolve the oxide, 
hydroxide or basic salt, there are only a few scattered experi- 
ments which can be cited in favor of Glaser’s second generaliza- 
tion’ that reducing agents improve the quality of the deposit. 
GlaserA observed that addition of pyrogallol or hydroquinone to 
a lead bath improved the deposit of electrolytic lead. Engels3 
states that the addition of hydroxylamine makes it possible to 
use higher current densities in the analysis of copper. I t  is be- 
lieved that tin salts in solution improve the quality of a copper 
deposit4 and it is known that ferrous salts are not disadvanta- 
geous. Good deposits of many metals are obtained from cyanide 
solutions and part of the effect, though certainly not the whole 
of it, may be due to the fact that potassium cyanide is a reduc- 
ing agent. It is also possible that the merits of a tartrate solu- 
tion may be due in part to the formation of reducing agents by 
oxidation at the anode’. In  some experiments made at Cornel1 
we have found that hydrazine improves the electrodeposition of 
cobalt and that resorcine has a slight favorable effect with zinc 
but apparently not with tin. The negative result in this last 
case may be due to the reducing power of the tin solutions. 
These instances will suffice to show that we do not yet know 
definitely how much influence a reducing agent has or how it 
varies with varying conditions. Since none of the reducing 
agents in question will reduce the oxide to metal, it seems very 
probable that the effect of the reducing agent as such is merely 
to prevent oxidation by dissolved oxygen. If so, the effect 
should disappear in a vacuum or in an atmosphere of nitrogen. 
I t  has not yet been possible to try this experiment. 

Zeit. Elektrochemie, 7, 386 (1900). 
Ibid. 7 ,  381 (1900). 
Smith. Electrochemical Analysis, 62. 
Borchers. Elektrometallurgie, 193. 
Luther. Zeit: Elektrochemie, 8, 647 (1902) ; Schilow. Zeit. phys. Chem, 

Cf. Elbs and Rixon. Ibid.  9, 267 (1903). 

429 646 (‘903). 
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We have next to consider the effect of higher current 
densities. When solutions are not stirred we soon reach a point 
at which an ever-increasing current density causes a bad de- 
posit. This change in the quality of the deposit is always ac- 
companied by an increased evolution of hydrogen and it is 
usually believed that the evolution of the hydrogen is the 
cause of the deposit going bad. This cannot be the whole 
truth because hydrogen is evolved freely during electrolytic 
analyses and yet the deposit remains good. Further, the so- 
called critical current density varies enormously with the size, 
shape, and distance apart of the electrodes, and also with the 
size and shape of the containing vessel, so that the data obtained 
by any one man usually cannot be duplicated by others. The 
most important factor is the rate of stirring'. If we rotate a 
smooth copper, zinc, or nickel cathode with sufficient speed it is 
by no means certain that there is any current density at which 
the deposit goes bad. With tin there does seen1 to be a limiting 
density but this is very possibly due to the formation of stannic 
salts in solution. I t  is intended to study this question in detail. 
The evidence favors the view that if a solution gives a good de- 
posit at any current density, the deposit will be good at any 
higher current density, provided we prevent a change in the 
concentration and temperature of the film at the cathode.2 

When a deposit becomes sandy or changes to a black 
powder, the polarization shows that there has always been the 
formation of a dilute solution at the cathode. In  most cases 
this leads to the precipitation of an oxide or basic salt with the 
usual disastrous results. I t  is still an open question whether 
this is always the case. Foerster and Seide13 say that sandy de- 
posits of copper are not due to the presence of oxide. If this 
statement is correct, we shall be forced to 5onie such assumption 
as that the badness of the deposit is due to the pulsating or in- 
termittent precipitation of hydrogen as a result of the inter- 

] Cf. Zirnmermann : Trans. Am. Electrochem. SOC. 3, 243 (1903). 
This will probably have to be modified if an instable modification can 

Zeit. anorg. Chem. 14, 125 (1897). 
precipitate a t  high current densities. 



mittent formation of a surface film impoverished as to metal. 
This explanation does not appeal to me personally and I prefer 
to believe for the present in the oxide formation even if I have 
to account for the apparent absence of hydrogen by assuming a 
reduction to metal after the harm has been done. It inay also 
be due to the decomposition of cuprous sulphate according to 
the equation Cu,SO, = CuSO, + Cu. This reaction takes 
place at the anode and may occur at the cathode under some 
conditions. Of course it is quite possible that the special case 
of black copper may be due to the disintegrating effect of the 
precipitation of occluded hydrogen or a hydride of copper, some- 
what analogous to the disintegration of lead cathodes in caustic 
soda solution. Whatever view we inay take of the matter it is 
certain that we are dealing with precipitation from a dilute solu- 
tion and that a proper understanding of the situation can be 
obtained only by working with very dilute solutions, and with 
low current densities, stirring vigorously all the while. Only 
under these conditions can we feel certain that the concentra- 
tion and temperature of the solution in contact with the cathode 
do not differ materially froin the mean concentration and tem- 
perature of the whole solution. 

Hydrogen may easily be indirectly the cause of a bad de- 
If hydrogen adheres as bubbles to the cathode, the de- 

position of the metal will become uneven and we shall have 
conditions favorable for treeing. A trouble of this sort can be 
cured chemically by adding an oxidizing agent to remove the 
hydrogen. It is known that copper solutions containing nitric 
acid will stand much higher current densities than will those 
acidified with sulphuric acid. I t  is clear that the prevention of 
hydrogen by means of an oxidizing agent may lead to the 
oxidation of the metal, in which case we are out of the frying- 
pan into the fire. Foerster and Gunther' had difficulties with 
hydrogen bubbles during the precipitation of zinc. They show 
that such oxidizing agents as chlorine and ammonium persul- 
phate prevent the appearance of hydrogen without causing the 

. posit. 

Zeit Elektrochemie, 5 ,  22 (1898). 
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formation of zinc oxide. Such oxidizing agents as hydrogen 
peroxide and ammonium nitrate prevent hydrogen evolution but 
are worthless because they oxidize the zinc. 

An oxidizing agent could probably be used to prevent 
occlusion of hydrogen by nickel, for instance. It is quite likely 
that the disadvantages would outweigh the advantage. In that 
case it would be better to approximate the same result by vary- 
ing other conditions. The favorable conditions would be : a 
concentrated solution to insure a good deposit ; a high tempera- 
ture to lower the absorption coefficient ; a nearly neutral solu- 
tion to increase the decomposition voltage of hydrogen ; and a 
high current density to give a fine-grained metal. For any 
given rate of stirring we should expect a limiting current density 
beyond which deterioration would occur. With increasing 
current density we get a finer deposit but there is also an in- 
creasing tendency to precipitate hydrogen and it is necessary to 
strike a balance between these two. All these conditions have been 
found experimentally by D. H. Browne’, who puts in the further 
condition that the solution should contain a good deal of sodium 
chloride. An explanation for the effect of sodium chloride is 
offered by Pfanhauser.2 

( (  People have hitherto used exclusively nickel baths con- 
taining ammonium salts to increase the conductivity or the 
complex nickel ammonium sulphate together with a little boric 
acid. The primary discharge of NH; appears to be the cause of 
the nickel curling. Quite inconceivable forces are developed 
and in one experiment that went wrong I noticed that a film, 
which had already been precipitated i n  a heated solution to a 
thickness of about 0.3 mm, broke into two pieces with a loud 
noise and peeled off from the metal below. 

((Just as NH; combines with a mercury cathode, causes it 
to swell and then passes off, so NH; appears to precipitate with 
the nickel at a nickel cathode, forming an alloy temporarily and 
going into solution again when this alloy breaks down at once. 
By this process the structure of the electrolytic nickel appears 

Electrochemical Industry, I, 348 (1903). 
Die Galvanoplastik, 43. 



to be changed in such a way that tensions occur between the 
groups of molecules with the strain perpendicular to the lines of 
force in the solution. 

I t  is curious that this tendency to curl and tear does not 
appear when sodium salts are used to increase the conductivity. 
The bath recommended by Wilh. Pfanhauser, Sr. in 1880, 

I liter water 
46 grams nickel sulphate 
35 grams sodium citrate, 

is admirably adapted for deposits of any desired thickness. The 
deposit is soft and ductile and quite smooth on the back, show- 
ing no crystalline structure.” 

The precipitation of magnesium with nickel has been 
studied by Coehnl and by Siemens’. In  this case the magnesium 
does not dissolve. The sodium-nickel alloy has not been 
isolated. Siemens believes that the bad effect of ammonium 
salts is due to ammonium sulphate, mechanically enclosed. 

We now come to what is the more interesting side of the 
question to the plater, to the factors affecting the size of the 
crystals in electrolytically deposited metals. It will be well 
first to see what can be found in the books on this subject. In 
one place Pfanhauser3 is very definite as to the effect of current 
density. “I t  is not to be denied that there is a 
certain analogy between the electrolytic precipitation of metals 
and the crystallization of salts. The change from liquid to 
solid always occurs with formation of crystals, and larger and 
more handsome crystals are obtained from solutions the slower 
the crystallization takes place. The comparison between the 
formation of crystals and electrolytic deposits is therefore 
justified in this point because one can detect a perceptibly 
crystalline structure when the metal has been precipitated with 
a very low current density. Under the microscope the fracture 
is seen to have a finer grain the higher the current density used, 

He says: 

Zeit. Elektrochemie, 8, 591 (1902). 
* Zeit. anorg. Chem. 41, 249 (1904). 

Die Galvanoplastik, 73. Cf. also Wiedemann, Elektrizitgt, 2, 481. 



in other words, the more sudden the change from the state of 
ions to that of metals.” 

When speaking about the deposition of copper Pfanhauser’ 
is not so definite, though the conclusion reached is much the 
same. After stating that the crystalline structure must depend 
on two factors, the composition of the solution and the current 
[density] he goes on : 

(‘ Two opinions have been put forward with respect to the 
influence of these two factors. One is due to Smee and is to the 
effect that the current [density] and concentration of the bath 
both determine the quality of the metal. The second point is 
that of F. Kick to the effect that the structure of the galvanic 
deposit depends on the composition of the solution and is in- 
dependent of the current [density]. 

( (  As a result of many experiments Smee reached the follow- 
ing conclusions : ’ 

( (  I. The metal is precipitated in an inhomogeneous form 
(powder, sponge or sand) when the current [density] is so high 
that hydrogen and metal are precipitated simultaneously. 

2. The metal is precipitated in a coarsely crystalline form 
when the current [density] is much below the value necessary 
to set free hydrogen. 

( (  3. The metal will appear as a tough, fine-grained deposit 
when the current [density] is as high as it can be without 
precipitating hydrogen. 

( (  Smee concludes therefore that by using a suitable current 
density deposits of any required character can be obtained from 
a bath of any concentration. 

H. Meidinger formulated the results of Smee’s more 
definitely. For a deposit of given character the ratio of current 
density to concentration of solution is a constant value though 
the limits are not very sharp. If one obtains a certain 
quality of deposit from a concentrated solution, one will get the 
same deposit from a solution of half the concentration with half 
the current density, from a solution of one-third the concentra- 
tion with one-third the current density, etc.” 

Die Herstellung von Metallgegenstanden, 13. 
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Pfanhauser then quotes Htibl’s experiment with copper. 
Hub1 found that the precipitate became more finely crystalline 
as the current density increased or on addition of acid. He re- 
ports no change with concentration. Speaking also of copper, 
Zimmermannl says : ( (  The fineness of the grain is dependent 
upon the current density, other things being equal, and the fine- 
ness increases with the current density until at a critical value, 
a powdery deposit will occur.)’ 

McMillanz says : ( (  Like most other metals, silver, which is 
deposited by a current strong enough to evolve hydrogen 
simultaneously, is dark in colour, powdery. and non-adherent ; 
it  is in the spongy condition, and is useless as a coating. A 
weak current, on the contrary, gives a strong, malleable metal, 
adherent and coherent, and minutely crystalline. Some opera- 
tors consider the commonly-employed current strength of 0.032 
ampere per square inch (0.5 ampere per square decimetre) too 
high and prefer to reduce it to 0.013 ampere (0.2 ampere per 
square decimetre); but for all ordinary work the larger current 
volume will be found satisfactory, and will, of course, deposit a 
given weight of metal in a shorter period of time.” 

This last quotation may be taken to mean that the silver 
deposit becomes more finely crystalline with decreasing current 
density ; but I think the author intended to draw a distinction 
only between a low and a too high current density. That is 
certainly the way in which we are to interpret the somewhat 
similar statements of Wiedemann.’ 

I have found nothing definite in regard to temperature. It 
is believed generally that better plating deposits are obtained 
from complex than from simple salts.4 The views in regard to 
colloids will be referred to later. 

I t  will now be well to run over briefly what our chemical 
analogies would lead us to expect as to the factors affecting the 
structure of electrolytically-deposited metals and then we can 
consider how closely the predictions are fulfilled. 

Trans, Am. Rlectrochem. SOC. 3, 246 (1903). 
A Treatise on Electro-Metallurgy, 2nd Ed. ,  205. 
Elektrizitat, 2, 4Sr. 
Wiedernann, Elektrizitat, 2, 525. 



Rapid crystallization of a salt from solution gives us small 
crystals while slow crystallization leads to larger crystals. We 
should therefore expect the crystalline structure of electrolyti- 
cally deposited metals to be finer the more rapid the precipita- 
tion, in other words the higher the current density. At high 
temperatures chemical precipitates are more crystalline than at 
lower temperatures. Two striking instances of this are barium 
sulphate and alumina. When precipitated cold, barium sulphate 
runs through the filter with distressing readiness. While the 
alumina obtained by hot precipitation in the Bayer process is 
not visibly crystalline, it is sandy and can be filtered and 
washed with ease. If we increase the difficulty of precipitation 
we should expect that the crystals mould have more difficulty in 
reaching a large size. We therefore conclude that we shall get 
a more nearly amorphous deposit from a dilute solution than 
from a concentrated one, provided all other conditions remain 
the same. We can generalize this and say that the greater the 
potential difference between metal and solution the finer will be 
the electrolytic deposit. At one time I thought that this could 
be carried still farther and that we could say that neutral solup 
tions would give coarser deposits than acid ones, that oxidizing 
agents would cause fine deposits and reducing agents coarser 
ones. Further experiments have shown that this is not 
generally true and that the effect varies from metal to metal and 
sometimes from concentration to concentration. Of course the 
specific nature of the metal will have a very important effect in 
determining the limiting size of the crystals just as in the case 
of cast metals or in the case of salt crystals. We should not ex- 
pect the same variations with nickel as with zinc or antimony. 

We know that the addition of a colloid to a solution in- 
creases the probability of a precipitate coming down colloidal, 
and that chemically-precipitated colloidal metals are rarely pure. 
From this we conclude that addition of colloid to a solution will 
make the electrolytic deposit more finely crystalline and that the 
carrying down of substance with the metal will tend to make an 
amorphous deposit, always provided that the substances carried 
down do not spoil the deposit entirely. Some of the solutions 
studied are given in Table 11. 
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TABLE 11. 

Zinc 

A mi2 ZnSO, + m/5o H,SO, 
D m/ro ZnSO, -/- m/5o H,SO, 
G 3m NaOH excess ZnO,H, 
K G diluted to 1/4 with gm.NaOH 

Copper 
~~~ 

A 2 0  % CuSO, 
B A + mi20 H,SO, 
C A + m.HNO, 

Silver 

A m.AgN0, 
B A + m,AgNO, 
C B diluted to 1/10. 

The letters will be used in referring to these solutions. 
When formaldehyde was added, 40 cc. of a 40 percent solution, this 
is shown by writing Af; etc. Experiments were also made with 
stannous chloride, sodium stannate, potassium silver cyanide, 
nickel sulphate, nickel chloride, lead fluosilicate and other 
solutions, but it is not necessary to give the concentrations for 
all these solutions. In referring to an experiment, A. 20.2 will 
mean that solution A was electrolyzed at 20' with a current 
density of 2 amp/qdm. A11 solutions were stirred vigorously ; 
all deposits were examined under the microscope, and photo- 
micrographs were taken of most of them. Each metal was 
precipitated on a cathode of the same metal so as to avoid 
possible disturbances due to a second metal. I t  is believed that 
the results obtained are comparable and that they can be re- 
produced by any one who wishes so to do. 

The results with zinc are given in Table 111, the solution 
giving the smaller crystals being mentioned first. The headings 
show the factor that is being varied. The solutions tabulated 
are those only for which we have photomicrographs. 
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TABLE III.-ZINC 
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A.40.1oIA.qo.r 1lD.40.1 1A.40 I 
A.70.1olA.70. I 1 D.40.10~A.40. IO 
D.40.1o,D.40.1 I'G.40.3 K.40.3 

In  Table IV are some of the data for copper. 

TABLE IV.-COPPER 
- 
Current density 1 Temperature 1~ Acidity I/ Formaldehyde 

finer I coarser 1 finer ~ coarser 1 finer 
~ _ _ _ _ _ _ _ _ _ _ ( -  

B.20.2 I B.40.2 I B.20.2 

B.40.2 ~ B.70.2 1 B.20.2 
B.40.2 1 B.70.2 ~1 C.2o.2 

1 1  
coarser , I  finer ~ coarser 

A.20.2 'lAf.20,2 j A.20.2 
A.20.2 ~, 
c.20.2 ,I 

1-1- 

In Table V are some of the data for silver. 

TABLE V.-SILVER 

' 1  Acidity 

~1 finer 1 coarser 

With zinc sulphate, sodium zincate, copper sulphate, silver 
nitrate and stannous chloride solutions, the crystals become 
smaller as the current density increases. The silver nitrate 
solutions are especially interesting. At St. Louis last sunimer 
the point was raised that it was impossible to obtain a fine- 
grained deposit of silver from silver nitrate solutions no matter 
how high the current density was raised. In our first experi- 
ments with silver nitrate, it was not possible to detect any effect 
due to current density. Since a 
silver salt is formed at the anode which increases the weight of 

This was a bit discouraging. 
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the cathode deposit, it  was thought that this same salt might 
affect the crystalline structure of the metal. The experiment 
was repeated using a porous cup to separate the anode and 
cathode solutions. We then obtained smaller crystals the higher 
the current density. The effect of very low current densities on 
the size of crystals appears strikingly in the experiments of 
Bucholz' and of Golding-Bird'. 

With an acidified copper sulphate or zinc sulphate solution 
the deposit becomes coarser as the temperature is raised from 
20" to 40" and to 70". With a zinc sulphate solution which is 
only faintly acid, the deposit is coarser at 70" than at 40" but is 
coarser at zoo than at the other two temperatures. I suspect 
that at 20" the slight acidity had no appreciable effect on the 
deposit while it becomes an important factor at 40". 

The effect of concentration is that required by the theory. 
With zinc sulphate, sodium zincate, copper sulphate and silver 
nitrate solutions, smaller crystals are obtained from the more 
dilute solutions than from the more concentrated ones. The de- 
posit from the zinc sulphate solutions is coarser than from the 
sodium zincate solutions, this last being very smooth. From 
sodium stannate solution much smaller crystals are obtained 
than from a stannous chloride solution. I t  is well-known that 
silver and copper precipitate more nearly amorphous from 
potassium cyanide solutions than from nitrate solutions. I t  is 
not a case of a secondary precipitation giving a good deposit, as 
has sometimes been assumed, because the decomposition volt- 
ages of the copper and silver cyanide solutions used in plating 
are lower than the decomposition voltage of the corresponding 
pure potassium cyanide solutions. As we can get a plating de- 
posit of silver from a silver nitrate solution under suitable con- 
ditions, it is obvious that there is no fundamental difference in- 
troduced by the formation of a complex salt. So far as the 
facts are known they can be formulated in the statement that 
the deposit is more finely crystalline the greater the potential 
difference between the metal and the solution. The same 

Ostwald. Geschichte der Elektrocheniie, 187. 
Phil. Trans. 1837, 37. 
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general principle should apply when we change the solvent and 
as a matter of fact a much coarser deposit is obtained from silver 
nitrate in aqueous solutions than from silver nitrate in pyridine 
solutions. I t  is probable that this will be found to be general, 
subject of course to revision if possible decomposition products 
of the solvent precipitate with the metal, as might easily happen 
with organic solvents. 

While the effects of current density, concentration, and 
temperature can be classified without difficulty, the same cannot 
be said of the effect due to acidity, oxidizing agents and re- 
ducing agents. The addition of sulphuric acid in small amounts 
to a neutral copper sulphate solution causes a marked decrease 
in the size of the crystals, as was noted years ago by Hiibl, who 
also states that increasing the acid concentration from 2 to 8 
percent has no effect. While we have no definite proof, it is 
probable that the effect of the acid is connected with the 
elimination of cuprous sulphate, Addition of a large amount of 
nitric acid make3 the deposit finer than that from the neutral 
solution but coarser than that from the sulphuric acid solution. 
Addition of nitric acid to a silver nitrate solution makes the 
deposit coarser for high current densities while it is hard to de- 
cide what the effect is at the lower densities. Formaldehyde 
makes the deposit from concentrated zinc sulphate (A) and con- 
centrated zincate solutions (G) somewhat finer while it makes 
the deposit from dilute zincate solution (K) much coarser. I t  
made the copper deposit from neutral copper sulphate solution a 
little finer. This whole matter will have to be taken up more 
thoroughly than I have yet been able to do, varying the relative 
amounts of the metallic salt and the reducing agent within wider 
limits. 

Coming next to the question of colloids we know that the 
addition of glue to lead fluosilicate solutions improves the 
quality of the deposit enormously. In the laboratory we have 
tried the effect of ten grams of glue per liter. With zinc', 
copper and tin, the crystalline structure was much smaller than 
without the glue. With a silver nitrate solution we obtained a 

Handbuch der elektrolytischen Metallniederschlage, 412. Cf. Langbein. 



292 Wilder D. Bancroft 

violet deposit which is apparently amorphous silver. Though 
we have not yet had time to test this thoroughly, it seems 
probable that we have here an explanation of ((bright" deposits. 
A bright deposit is one in which the crystals are so small that 
the deposit is practically amorphous. By using less glue in our 
silver nitrate solution we have obtained a fairly bright deposit 
though it is yellowish in color. We have not yet analyzed the 
silver deposit from a solution containing glue but it is probably 
not pure. Carbon bisulphide is the substance most often added 
to a potassium silver cyanide solution to cause a bright deposit. 
This bright silver is said to contain sulphur.' When too much 
carbon bisulphide is present, the deposit is said to become black. 
I think that people have usually assumed that this black color 
was due to silver sulphide ; but it now seems possible that a 
violet colloidal silver was precipitated. l o r d 3  states that 
bright deposits of many of the metals can be obtained from 
lactic acid solutions. Since the metal deposited from a solution 
of an organic acid may easily contain carbon, it becomes quite 
possible that there is an intimate connection between the two 
facts', The bright silver deposits, obtained when zinc cyanide 
is added to the solution, are apparently due to the formation of 
an alloy4. 

I t  has been noticed by many people that a bright or bur- 
nished deposit can be obtained when one rotates the cathode and 
uses high current densities. The people who made these experi- 
ments were interested primarily in increasing the current density 
and they varied the speed of rotation and the current density 
simultaneously. Consequently one did not know whether the 
burnished effect was solely the result of the current density or not. 
T o  test this question, Mr. Snowdon made some experiments with 
a silver cyanide solution and a rotating cathode. The current 
density and speed of rotation were so adjusted that a bright de- 
posit was obtained. Then the speed of rotation was kept con- 

* 

1 McMillan. A Treatise on Electro-Metallurgy, 2nd Ed. 204. 

Die Elektrolyse wassriger Metallsalzlosungen, 79. 
Cf. Foerster. Zeit. Elektrochemie, 5 ,  512 (1899). 
Langbein. Handbuch der elektrolytischen Metallniederschlage, 349. 
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stant while the current density was increased. Since an increase 
of current density would decrease the size of the crystals, the de- 
posit should have become even brighter if the current density 
were the only factor. As a matter of fact the deposit was dis- 
tinctly frosted. The only explapation that I have been able to 
find is that at the moment of precipitation there is a polishing 
effect due to surface friction. If more metal is deposited in the 
unit of time than can be polished, the metal is frosted. While 
this explanation may not seem satisfactory to everybody, it does 
account for the facts and this is certainly a point in its favor. 
I t  should be noticed that the frosted appearance caused by in- 
creasing the current density while holding the speed of rotation 
constant cannot be explained as due to impoverishment of the 
solution near the cathode because of the effect of an impover- 
ishment ~ o u l d  be to decrease the size of the crystals and therefore 
to make the deposit brighter and more amorphous. 

I t  has been noticed that the presence of salts of cadmium, 
iron, lead and copper interferes with the satisfactory precipitation 

. of zinc. The reason for this is very simple. These metals pre- 
cipitate before zinc and set up a local circuit which oxidizes the 
zinc and causes the deposit to go bad. This local circuit may 
make trouble in other cases. When we have to plate a noble 
metal on a less noble one, we usually make use of a striking-bath 
in which the difference of potential between the two metals is 
not very great. This keeps down any non-electrolytic precipita- 
tion to a minimum. When we are depositing a less noble metal 
on a more noble one, we usually do not bother ourselves about 
the formation of a couple and we may thereby be led into serious 
error. Zinc will precipitate nicely on a zinc cathode when it 
will not deposit well on a copper cathode owing to the evolution 
of hydrogen.' The difficulty about precipitating zinc with a low 
current density is due chiefly to local action at the cathode.2 I t  
seems possible that this also accounts for its being so much more 
difficult to precipitate lithium on a platinum electrode than on 

: 

Cf. Cohen, Colliiis and Strengers: Zeit. phys. Cheni., 50 ,  296 (1904). 
Cf. Gore : Proc. Roy. SOC. 37, 24 (18541 and the explanation by G .  

Wiedemann, Beibl. 9, 53 (1885). 



an iron one. Another explanation for this particular phenomenon 
may be that lithium alloys with the iron cathode. 

Another point of importance to  the plater is the adhesion of 
the deposit. While it has been suggested that an adherent de- 
posit can be obtained only when the two can combine to form 
compounds or solid solutions,’ this contention does not seem to 
be in accord with the facts.’ The surface between two metals is 
a thin weld and it must show the same strength no matter how 
it has been made. In other words the adhesion of an ideally- 
made electrolytic deposit will approach that of a casting having 
the same size of crystals. Presence of grease, of air-bubbles, or 
of occluded mother-liquor will impair the contact and weaken ’ 
the joint. If the metal be deposited in a state of strain, the 
break will come at the weakest point. These are matters of 
general knowledge in making welds or castings and they are 
just as much first principles in electrolytic work. No one seems 
to have been struck by the absurdity of the statement, to be 
found in most books on plating, that nickel cannot be plated on 
nickel because it will not adhere.’ If this were true it would 
not be possible to deposit more than an infinitesimally thin film 
of nickel electrolytically. While it requires a higher voltage to 
deposit nickel than copper, nickel does not precipitate. copper to 
any appreciable extent when immersed in a copper sulphate 
solution. The nickel becomes passive and is probably covered 
with a thin film of oxide. What people mean is that an “active” 
nickel containing hydrogen will not adhere to a “passive” nickel. 
There is nothing surprising or mysterious about this. By 
making a strip of nickel the cathode in an acid solution for a 
few minutes before putting it in the nickel bath, Mr. Snowdon 
has been able to plate nickel on nickel getting a beautifully ad- 
herent deposit. 

The one remaining point to be considered is the formation 

1 Kahlenberg : Electrochemical Industry, I ,  201 (1903). 

a Watt  and Philip : ‘ ‘  Electroplating and Electrorefining,” 2nd ed., p. 
411. McMillan : A Treatise on Electrometallurgy,” and ed., p. 243. Lang- 
bein : ‘I Handbuch der elektrolytischen Metallniederschlage,” p. 254. 

Burgess : Ibid., 209. 
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of trees. As no experiments on this have yet been made in my 
laboratory, all that can be done is to point out some of the more 
obvious factors, leaving a fuller discussion of the matter until 
later. If we have a projection anywhere on the surface to be 
plated, the current lines will concentrate there and that portion 
will tend to grow faster than the rest. Any roughness of the 
original surface or of the deposited metal will tend to be in- 
creased by the current. The de- 
crease in potential difference caused by the growth of a tree will 
be greater, the greater the fall of potential per unit length of 
electrolyte. Other factors remaining the same this will depend 
on the current density and the conductivity of the solution. I t  
is known to everybody that a high current density usually pro- 
duces a rough deposit. The effect of dilute solutions or of those 
which conduct badly has also been recognized.’ The addition 
of salts of the alkalies to plating solutions to decrease the neces- 
sary voltage is done partly from economical reasons and partly 
to make the deposit smoother. I t  must be remembered, how- 
ever, that other factors have to’he taken into account. A4ny- 
thing which produces large crystals causes a roughness of sur- 
face and is, therefore, favorable to the growth of trees. This 
accounts for the growth of trees in concentration cells even though 
the actual current densities are very small. That the growth is 
like a tree rather than like a bean-pole is due largely to concen- 
tration differences owing to insufficient stirring.z 

Still another factor affecting treeing is that of surface 
tension. When we deposit silver from a solution by non- 
electrolytic methods, we get the silver precipitating on the 
inner surface of the glass vessel, forming a mirror. In  cases of 
this sort we know that a crystal surface sets itself against the 
glass surface. If the glass is greasy the silver does not pre- 
cipitate on it satisfactorily and does not adhere. I t  seems to me 
quite possible that there might be some solutions in which the 
surface tension between the metal and the solution was such 

This is a well-recognized fact. 

’ Wiedematin : Elektrtzitiit, 2, 621. Cf. Foerster and Giintlier : Zeit. 
Elektrochernie, 6 ,  303 (1899). 

Cf. Zirnniernian : Trans. Am. Electrochein. Soc., 3, 246 (1903). 
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that the electrolytically-deposited crystals did not adhere, quite 
apart from any question of cleanliness. This certainly seems to 
be the case with lead from lead acetate solutions, though the 
difficulty may be merely the result of the large size of the 
crystals. 

The general results of this paper are : 
I. A bad deposit is always due to the precipitation, direct 

or indirect, of some compound of the metal. 
2. Addition to the solution of anything that will dissolve 

this compound will tend to prevent its precipitation and to im- 
prove the quality of the deposit. 

3. Any beneficial action of a reducing agent as such is 
probably due to the removal of dissolved oxygen from the solu- 
tion. 

4. A fine-grained deposit is favored by high current density 
and potential difference, by low temperature, and by presence of 
colloids. 

5. The adherence of deposits rests on the adhesion of the 
two metals. 

6. ( (  Treeing” is favored by anything which increases the 
fall of potential per unit length of the electrolyte or which in- 
creases the coarseness of crystallization. Surface tension 
phenomena may also be a factor though this has not been 
proved. 

7. The theory presented has been abJe to account for the 
phenomena due to composition and concentration of the‘ 
electrolyte, to current density, temperature, solvent, colloids, 
other metals and cathodes. It has not accounted for the effect 
of acids and alkalies, nor for the effect of oxidizing and reducing 
agents ; but this seems to be due to our ignorance of the chem- 
istry of these solutions rather than to a defect in the theory. 

* 
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